Previous studies have described the structure of purified cytoplasmic polyhedrosis virus (CPV) and that of polyhedrin protein. However, how polyhedrin molecules embed CPV particles inside infectious polyhedra is not known. By using electron tomography, we show that CPV particles are occluded within the polyhedrin crystalline lattice with a random spatial distribution and interact with the polyhedrin protein through the A-spike rather than as previously thought through the B-spike. Furthermore, both full (with RNA) and empty (no RNA) capsids were found inside polyhedra, suggesting a spontaneous RNA encapsidating process for CPV assembly in vivo.
Viruses in the Cypovirus genus of the Reoviridae, such as cytoplasmic polyhedrosis virus (CPV), are distinct architecturally in having only a single protein shell (reviewed in references 12 and 20) . This is in stark contrast to viruses of all other genera of the Reoviridae, which have one or two additional shells surrounding a CPV-like inner core. Although its infection of silkworms causes a negative impact on the Asian economy, CPV is better recognized for its polyhedrin-binding property, which has tremendous potential as a nano-delivery tool and for its promise as an environmentally friendly pesticide for fruit and vegetable farming (11) .
In extracellular space, CPV particles are embedded inside a crystalline protein occlusion body, called the polyhedron (3, 11) , which serves as an outer protective layer during viral spread across different hosts. The stability of the polyhedron in the environment and its sensitivity to the high pH of the insect midgut allows CPV to establish efficient infection through oral routes. In particular, the pH-sensitive release of embedded particles has great potential for drug delivery applications (2) .
Past studies have described the three-dimensional (3D) structures of both the polyhedron protein (2) and the isolated CPV virion (1, 6, (16) (17) (18) (19) 21 ) based on X-ray crystallography and cryoelectron microscopy (cryoEM), respectively. However, a 3D description documenting the packing pattern of CPV virions inside the polyhedron is lacking.
In this study, we used electron tomography to resolve the packing of CPV within the polyhedron, as well as the interactions between the CPV capsid and the polyhedrin protein lattice. Our electron tomograms of stained sections of polyhedra revealed that the lattice of the polyhedron matches the polyhedrin arrangements shown by X-ray crystallography (2), thus validating our approach for resolution of molecular interactions. Our data suggest that, inside the polyhedron, CPV particles attach to the polyhedrin protein lattice via the Aspike of the capsid, not through the turret protein (TP; also known as the B-spike) as previously thought. In addition to full CPV capsids, empty CPV capsids containing no RNA material, as well as partially filled capsids, were found occluded in the polyhedra, supporting their physiological relevance in CPV assembly and spread.
Polyhedron occlusion bodies are about 5 m in size, which is beyond the desirable thickness for cryoelectron tomography. In order to resolve the molecular organization of CPV within polyhedra, the sample must first be sectioned into thin slices. To do so, infectious polyhedra containing CPV particles were prepared as described previously (2, 19) and fixed in 1% glutaraldehyde in phosphate-buffered saline for 3 h at ϩ4°C, followed by treatments with 1% osmium tetroxide (1 h on ice) and 3% uranyl acetate (1 h on ice). The sample was then washed and dehydrated in an ethanol series (30, 50, 70m and 95% ethanol; 10 min each), treated twice with 100% ethanol (20 min each), and then propylene oxide (20 min). It was subsequently incubated in a mixture of propylene oxide and complete Spurr resin (1:1) overnight at room temperature, then moved into BEAM capsules with a fresh portion of Spurr resin and polymerized at ϩ60°C for 24 h. We then sectioned the sample into 200-to 250-nm-thick slices by using a UCT ultramicrotome (Leica, Austria), mounted the slices on 100-mesh copper grids, and stained the slices from both sides with saturated uranyl acetate (5 min, room temperature) and lead citrate (2 min, room temperature). For better stability, sections were coated with a thin layer of carbon in a DV502A evaporator (Denton Vacuum) prior to imaging.
We carried out electron tomography data collection with an FEI Tecnai F20 electron microscope operated at 200 kV. Tilt series were recorded on a 16-megapixel charge-coupled-device camera at two magnifications, ϫ26,6000 and ϫ70,000 (for smaller and larger polyhedra, respectively) by tilting the specimen from 70°to Ϫ70°at 1°intervals. Tilt series were aligned first using etomo in the IMOD software package (10) and then either median filtered using IMOD or reconstructed using the SIRT reconstruction function of Inspect3D from FEI in order to improve the reconstruction's quality. For visualization of tomographic data, we used 3Dmod from IMOD to display density slices in the 3D reconstruction and Amira (Visage Imaging Inc.) for density segmentation. 3D renderings of the tetrahedral clusters and unit cells of the polyhedrin trimers and averaging of segmented particles were performed using the UCSF Chimera program (14) .
Although we used fixatives and stains, the quality of our 3D
tomograms was sufficient to resolve the lattice of the polyhedrin protein (Fig. 1 ). Density slices from the tomograms showed that the polyhedrin molecules are arranged into tetrahedral clusters of trimers, which group together to form bodycentered cubic unit cells as previously revealed by X-ray crystallography (2) . Each cell consists of two tetrahedral clusters, with eight trimers packaged in one cell (Fig. 1e) . Each unit cell has a dimension of approximately 100Å (Fig. 1e) , consistent with previous X-ray diffraction results (2) . These consistencies validate the reliability of our electron tomography data for positively stained samples in terms of molecular interpretation. Icosahedral reconstruction by cryo-EM images of purified CPV particles has shown that each CPV has a single-shelled capsid with 12 turrets (6, 17, 19) . When the icosahedral reconstruction is filtered to 20-Å resolution, two types of spikes, A and B, with an A-spike projecting outwards from the top of a B-spike, can be clearly seen, forming each turret (Fig. 2a) . Unlike the icosahedral reconstruction, which only retains densities with icosahedral symmetry, particles averaged from our tomograms revealed that the A-spike is more supple and skinnier than that in the icosahedral reconstruction (Fig. 2b) . Density slides from our electron tomogram reveal that each Aspike, distinctly located at the distal end of the turret, makes contacts with the polyhedron protein (Fig. 2d, arrows) . Careful examination of density slices indicated that all 12 A-spikes in each CPV are directly bound to polyhedrin, and no direct contact between the B-spike and the polyhedrin lattice was observed ( Fig. 2c and d) . By combining either our averaged 3D structure of CPV (Fig. 2f) or the icosahedral reconstruction (Fig. 2e) into our tomogram, we observed that the A-spikes are ideally positioned for polyhedrin contact. Conversely, the Bspikes appear to be too far displaced to bind to polyhedra in any meaningful manner (Fig. 2d to f) .
Although both empty (no RNA) and full (with RNA) CPV capsids have been found in purified viruses (16, 19) , it is not clear whether RNA is required for capsid assembly and whether RNA-free, empty capsids result from the loss of RNA in full capsids during purification. In addition to full capsids, we also observed empty capsids without RNA and partially empty capsids with some RNA occasionally embedded in the polyhedron occlusion body (Fig. 3a and b ). These capsids all had identical capsid shells (Fig. 3c to f) but differed in the amount of RNA content inside the capsid. The presence of RNA-free capsids inside polyhedra indicates that RNA is not required for CPV assembly inside host cells and that both full and empty capsids are physiologically relevant. The existence of capsids with different amounts of RNA suggests that the incorporation of RNA during CPV assembly is likely a spontaneous process, depending on the amount of RNA available at the time of capsid formation. A previous electron microscopy study showed the presence of empty and partially filled capsids in the midgut tissue of infected silkworms, which was interpreted to represent intermediate stages of RNA insertion into a preformed capsid (15) , a process that we consider to be unlikely due to the lack of viral proteins to serve as an RNAtranslocating portal in CPV (20) . Indeed, an in vitro study has demonstrated that empty capsids can assemble in the absence of RNA (4).
It is not fully understood how CPV particles are incorporated into polyhedra. Our tomograms show that viral capsids are present at the surface as well as throughout the volume of the protein (Fig. 3a) , suggesting that the virus and polyhedron form simultaneously, allowing it to be encased inside , except that a 3D density slab of the CPV reconstruction filtered to 20-Å resolution was overlaid onto our tomographic density slice to demonstrate the interaction between the particle and polyhedron. (f) The same as in panel e, except that the averaged CPV particle generated in panel b is overlaid to further demonstrate the interaction between the particle and polyhedron. The reconstructions in panels e and f are color coded in the same fashion as for panel a, with the addition of the core (yellow) in panel e also visible in this density slab.
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on October 25, 2017 by guest http://jvi.asm.org/ the inner regions of the polyhedron as the crystalline lattice grows. Unlike the regularly repeating lattice of the polyhedrin protein, measurements of distances between neighboring capsids based on a total of 312 particles embedded in polyhedra showed no detectable regularity in the pattern of their 3D spacing (Fig. 3g) . Likewise, we also observed CPVshaped empty "holes" randomly distributed at the surface of polyhedra (Fig. 3g) . Based on the distribution and shape of these holes, it is likely that previously embedded CPV particles were detached from the polyhedrin protein, leaving behind the observed holes. Since these holes all appear on or near the surface of the polyhedron body, we reason that CPV capsids may have been separated from their cavities to associate with adjacent sections, which were removed during the sectioning process. Contrary to previous beliefs (see below), our 3D tomographic map clearly shows that the A-spike, not the B-spike, binds to polyhedra. Each B-spike has been shown to contain five copies of the TP (1, 17, 18, 21) . TP is encoded by genome segment 4 and was formerly known as VP3 or V3 in previous literature, but it was renamed to VP4 (i.e., the protein encoded by genome segment 4) for clarity (5, 20) . In addition to making up the turret/B-spike, VP4, and specifically its N-terminal segment (residues 1 to 79), was shown to "immobilize" foreign proteins onto the polyhedron (8, 9) , suggesting it may bind polyhedrin within polyhedra. A follow-up biochemical study further suggested the existence of a "polyhedrin recognition signal" within amino acid residues 42 to 93 that is sufficient to immobilize foreign proteins tagged by this fragment (7, 13) . We took note of the fact that some proteins failed to be immobilized (9) , suggesting that there could be alternative interpretations for the immobilization. Consistent with our ET data, the atomic model of TP (VP4) derived from an improved cryo-EM map at 3.1-Å resolution showed that the N-terminal segment is almost completely buried within the turret, making it unlikely that this segment binds polyhedrin molecules located in the exterior of the virus (17) . If TP in its monomeric form does indeed bind polyhedrin, then this binding must be disrupted during the virus assembly/maturation or occlusion processes in order to account for the observed clear separation between B-spikes and polyhedrin protein within the polyhedron (Fig. 2d) . We propose that polyhedrin has a promiscuous property and binds many different proteins, making it possible for both the A-and B-spikes to bind polyhedrin. Consequently, 
